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Single interneurons influence thousands of postsynaptic principal
cells, and the control of interneuronal excitability is an important
regulator of the computational properties of the hippocampus.
However, the mechanisms underlying long-term alterations in the
input–output functions of interneurons are not fully understood.
We report a mechanism of interneuronal plasticity that leads to the
functional enhancement of the gain of glutamatergic inputs in the
absence of long-term potentiation of the excitatory synaptic cur-
rents. Interneurons in the dentate gyrus exhibit a characteristic,
limited ('8 mV) depolarization of their resting membrane poten-
tial after high-frequency stimulation of the perforant path. The
depolarization can be observed with either whole-cell or perfo-
rated patch electrodes, and it lasts in excess of 3 h. The long-term
depolarization is specific to interneurons, because granule cells do
not show it. The depolarization requires the activation of Ca21-
permeable a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptors and the rise of intracellular Ca21, but not N-
methyl-D-aspartate (NMDA) receptor activation. Data on the main-
tenance of the depolarization point to a major role for a long-term
change in the rate of electrogenic Na1/K1-ATPase pump function
in interneurons. As a result of the depolarization, interneurons
after the tetanus respond with action potential discharges to
previously subthreshold excitatory postsynaptic potentials (EP-
SPs), even though the EPSPs are not potentiated. These results
demonstrate that the plastic nature of the interneuronal resting
membrane potential underlies a unique form of long-term regu-
lation of the gain of excitatory inputs to g-aminobutyric acid
(GABA)ergic neurons.

H ippocampal g-aminobutyric acid (GABA)ergic interneu-
rons regulate principal cell activity through a variety of

mechanisms. Specialized interneuron classes have evolved to set
the threshold for activation (1), shunt excitatory synaptic inputs
(2, 3), prevent the backpropagation of fast action potentials in
the dendrites (4, 5), inhibit dendritic Ca21 electrogenesis (6), and
synchronize sub- and suprathreshold membrane potential oscil-
lations in spatially distributed principal cells (7–10). Because
interneurons have powerful regulatory roles in the neuronal
circuit, it is important to understand whether and how interneu-
rons can undergo activity-dependent, long-term changes in their
input–output functions. Recent data indicate that GABAergic
synapses on hippocampal principal cells can be persistently
modified, through both pre- and postsynaptic mechanisms (11–
15). However, the activity-dependent regulation of excitatory
synapses on interneurons is controversial and not thoroughly
understood. Definitive demonstration of long-term potentiation
(LTP) of monosynaptic excitatory inputs to interneurons is
lacking, and recent data indicate that many types of hippocampal
interneurons may be incapable of classical forms of LTP (16–
19). In addition, high-frequency stimulation of excitatory affer-
ents that evokes robust LTP in principal cells leads to either no
change or long-term depression (LTD) in interneurons (20–23).
Because interneurons differ from principal cells in many ana-
tomical, neurochemical, and physiological properties, the gain of
excitatory inputs to interneurons may be altered through mech-
anisms that are unexpected, and are distinct from the conven-
tional LTP and LTD described for excitatory inputs to principal

cells. A recent example of such a novel mechanism is the
demonstration that interneurons in the CA1 stratum radiatum
express a unique, heterosynaptic form of LTD (20).

We used tetanic stimulation of glutamatergic afferents to
show that the resting membrane potential of dentate interneu-
rons can effectively ‘‘remember’’ recent increases in excitatory
activity. The mechanism described in this study can provide a
means of setting the general excitability of interneurons as a
function of the activity level of presynaptic principal cells, even
in the absence of LTP of excitatory postsynaptic currents.

Methods
Slice Preparation. Horizontal brain slices (350 mm) were prepared
from juvenile Wistar rats (15–22 days old) as described (24). The
slices were incubated at 32°C in oxygenated (95% O2/5% CO2)
artificial cerebrospinal f luid (ACSF) composed of 126 mM
NaCl, 2.5 mM KCl, 26 mM NaHCO3, 2 mM CaCl2, 2 mM MgCl2,
1.25 mM NaH2PO4, and 10 mM glucose, in a holding chamber
for a minimum of 1 h before stimulation or recording.

Electrophysiology. Individual slices were transferred to a recording
chamber perfused with oxygenated ACSF at 34°C, which, depend-
ing on the experiment, contained some of the following drugs: 1 mM
tetrodotoxin (TTX) (Calbiochem), 10 mM 2-amino-5-phosphono-
valeric acid (APV), 5 mM 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX), 100 mM ZD-7288, 500 mM (RS)-a-methyl-4-carboxyphe-
nylglycine (MCPG), 5 mM N-(4-hydroxyphenylpropanyl)spermine
(NHPP-SP) (all from Tocris Neuramin, Bristol, U.K.), 10 mM
bicuculline methiodide, or 30–100 mM strophanthidin (Sigma). All
salts were obtained from Fluka. Patch pipettes, pulled from
borosilicate (KG-33) glass capillary tubing (1.5 mm o.d.; Garner
Glass, Claremont, CA ) were filled with pipette solutions con-
sisting of 140 mM potassium gluconate, 2 mM MgCl2, and 10 mM
Hepes. In some experiments the internal solution also included
20 mM sodium gluconate (replacing potassium gluconate), 10
mM EGTA and/or 4 mM ATP, or biocytin (0.3%), or 10–20
mg/ml gramicidin, or 200 mM sodium vanadate (Sigma) as
specified in Results. Infrared-differential interference contrast
microscopy-aided visualized techniques were used (Axioscope
FS, Zeiss). Tetanic stimulation (5 trains of 10 s stimuli at 100 Hz,
delivered at 30-s intervals, except in Fig. 1E) was carried out with
a bipolar stimulating electrode placed in the perforant path, just
above the hippocampal fissure, at the crest of the dentate gyrus.
The stimulation intensity for the tetanus was 50% of firing
threshold to low-frequency stimulation (0.1 Hz). Evoked exci-
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tatory postsynaptic potentials (EPSPs; at 0.1 Hz; stimulus duration,
20 ms) were elicited with the stimulating electrode also used for the
tetanus. Extracellular [K1] measurements were made using indi-
vidually calibrated valinomycin ion sensitive electrodes (25). For
experiments involving biocytin labeling, the slices were fixed in 4%
paraformaldehyde/0.5% glutaraldehyde, and reacted with 0.015%
3,3diaminobenzidineztetrahydrochloride, and 0.006% H2O2. The
slices were then cleared in ethanol, mounted, and reconstructed
with a camera lucida.

Data Acquisition and Analysis. Recordings were obtained by using
a NeuroData (Cygnus Instruments) or an Axopatch-200B (Axon
Instruments) amplifier. Data were analyzed by using the
STRATHCLYDE ELECTROPHYSIOLOGY software (courtesy of J.
Dempster) and SYNAPSE software (courtesy of Y. De Koninck).
For measurement of resting membrane potential (Vm), the
recordings were sampled at 1 kHz for 20 s in each minute of

recording, and the mean value of the membrane potential was
calculated for each minute. For each cell, the Vm values during
the 3 min before stimulation were averaged and taken as 100%
(control period), and the poststimulation Vm data for each
minute were expressed as a percentage of control Vm (e.g., Fig.
1A). Statistical analysis was performed using SIGMAPLOT with a
level of significance of P # 0.05. Data are presented as means 6
SE.

Results
Long-Term Depolarization of Dentate Interneurons. Tetanic stimu-
lation of the perforant path resulted in three characteristic
phases of Vm change in interneurons located at the granule cell
layer–hilar border (Fig. 1 A). The first phase took place during
and immediately after stimulation. It was characterized by a
hyperpolarization of Vm between stimulation epochs, likely
related to activation of Ca21-activated K-conductances during

Fig. 1. Interneurons at the granule cell layer–hilar border, but not the granule cells, are persistently depolarized after tetanic stimulation of the perforant path.
(A) Summary plot of the resting membrane potential (Vm) of interneurons (n 5 12) as a function of recording time before and after tetanic stimulation of the
perforant path (‘‘STIM’’: five 10-s trains at 100 Hz, delivered at 30-s intervals, used throughout this study, except in E), as percentage of prestimulation Vm (asterisks
indicate significantly depolarized Vm). (Inset) Filled bar, Vm during the 3-min period before stimulation; open bar, Vm 20 min after stimulation. (B) Summary plot
of interneuronal Vm (n 5 5 cells) in the absence of stimulation. (C) Summary plot of Vm in granule cells (n 5 5) before and after stimulation. (D) Camera lucida
drawings of two interneurons that displayed iLTDep, with axonal projections limited primarily to the stratum granulosum (D1) or to the stratum moleculare (D2).
(Insets) Filled bars, prestimulation Vm in each of the two illustrated cells; open bars, Vm209 in each cell. (E) Summary of prestimulation Vm (‘‘Pre’’) and
poststimulation Vm,209 (‘‘Post’’) values of three tetanic stimulation paradigms: E1, same as in A; E2, three 1-s trains at 100 Hz, delivered at 10-s intervals, n 5 3 (23);
E3, a single 1-s train at 100 Hz, n 5 3.
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interneuronal firing triggered by the stimulation of afferent
fibers. During the second phase, Vm temporarily appeared to
return to control, prestimulation levels (Fig. 1 A). However,
during the third phase, the interneuronal Vm continued to shift
toward the depolarizing direction, reaching a steady-state value
'10 min after the end of the stimulation episode (Fig. 1 A)
(interneuronal Vm before stimulation: 263.6 6 1.7 mV; Vm 20
min after stimulation (Vm,209): 255.9 6 1.9 mV; n 5 12). When
expressed in relative terms, Vm,209 was 87.9 6 1.7% of the
prestimulation control level (100.0 6 0.4%) (Fig. 1 A). The
tetanus-induced persistent depolarization was named interneu-
ronal long-term depolarization (iLTDep).

When interneurons were recorded without stimulation,
iLTDep did not take place (Fig. 1B) (Vm,209 5 101.4 6 1.4%;
n 5 5). Next, gramicidin perforated patch clamp experiments
were performed. These experiments showed that iLTDep could
also be observed with gramicidin perforated patch clamp re-
cordings (Vm,209 5 89.6 6 1.3%; n 5 4).

In contrast to interneurons, dentate granule cells did not
change their Vm after stimulation (Vm,209 5 97.7 6 1.2%, n 5 5;
Fig. 1C). The iLTDep could be evoked in 100% of the inter-
neurons tested, and morphological analysis of biocytin-filled
interneurons showed that both interneurons with axons re-
stricted to stratum granulosum (n 5 3; Fig. 1D1) and those with
axons confined to stratum moleculare (n 5 5; Fig. 1D2) exhibited
iLTDep in response to high-frequency stimulation of the per-
forant path. The tetanus did not alter the action potential
adaptation properties of the interneurons (frequency of the last
two versus the first two spikes in a train evoked by depolarizing
current pulses from 260 mV: before tetanus: 0.83 6 0.07; 20 min
after tetanus: 0.85 6 0.06). The iLTDep could be evoked with
a less intense tetanic stimulation protocol (three 1-s trains at 10 s;
n 5 3) (23), but not when a single 1-s 100-Hz train was used (n 5
3) (Fig. 1E).

To determine whether iLTDep lasts beyond the time limi-
tation posed by recording from a single cell, tetanic stimula-
tion of the perforant path was carried out in slices without
recording from the interneurons during the stimulation. The
stimulated and the similarly handled sham-stimulated (i.e., the
stimulating electrode was placed in the perforant path, but no
stimulation was applied) control slices were returned to a
holding chamber, and whole-cell recordings were obtained
from interneurons 1–4 h later. The Vm of interneurons in the
stimulated slices were significantly more depolarized com-
pared with controls (control: 267.4 6 1.1 mV; tetanized:
261.0 6 2.1 mV; n 5 8 in both groups), indicating the iLTDep
lasts for hours after its induction.

Additional experiments were carried out to determine
whether the pattern of excitatory afferent stimulation was
important in triggering iLTDep. Slices were incubated in 10 mM
glutamate in ACSF for 3 min, followed by a wash in ACSF for
1–4 h. Control slices were handled similarly, but the incubation
medium did not contain glutamate. Interneurons from slices
exposed to glutamate showed a depolarized Vm compared with
controls (control: 266.3 6 1.0 mV; after glutamate: 257.6 6 2.4
mV, n 5 12 in both groups), indicating that the temporal pattern
of glutamate release is not a major factor in evoking iLTDep.
Granule cells did not show depolarized Vm after glutamate
incubation (control: 278.0 6 1.4 mV, n 5 5; after glutamate:
278.5 6 0.7 mV; n 5 6).

Mechanism of Induction of iLTDep. Intracellularly injected depo-
larizing current pulses (duration: 10 s, repeated five times, at 30-s
intervals; amplitude was set in each interneuron to be large
enough to evoke intense firing), mimicking the tetanic stimula-
tion-induced action potential discharges, did not lead to iLTDep
(Vm,209 5 99.1 6 1.2%; n 5 3) (Fig. 2A). The depolarizing current
pulses failed to lead to iLTDep, even though the total number

of action potentials evoked by the depolarizing current pulses
(506.7 6 26) was higher than the number of spikes observed
during the tetanus in the experiments in Fig. 1E2 (119.7 6 38)
that resulted in iLTDep. The iLTDep could be evoked after
tetanic stimulation of the perforant path in the presence of the
N-methyl-D-aspartate (NMDA) receptor antagonist APV (10
mM; Vm,209 5 91.8 6 2.0%, n 5 5) (Fig. 2B). The iLTDep could
be induced even in a higher concentration of APV (50 mM)
(Vm,209 5 92.1 6 0.9%, n 5 3). In contrast, the a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)/kainate
receptor antagonist CNQX (5 mM) was able to fully block the
induction of iLTDep (Vm,209 5 101.4 6 1.0%, n 5 5) (Fig. 2C).
The polyamine antagonist of Ca21-permeable AMPA receptors
NHPP-SP (22) (5 mM) also prevented iLTDep (Vm,209 5 104.3 6
1.0%, n 5 4) (Fig. 2D). Furthermore, inclusion of the Ca21-
chelator EGTA (10 mM) in the recording pipette blocked the
induction of iLTDep (Vm,209 5 102.9 6 2.1%, n 5 3) (Fig. 2E).
In contrast, voltage clamping the interneurons at 260 mV during
stimulation did not prevent iLTDep (Vm,209 5 95.4 6 0.6%, n 5
3; but see Discussion) (Fig. 2F). The iLTDep could also be
evoked in the presence of the g-aminobutyric acid type A
(GABAA) receptor antagonist bicuculline (10 mM) (Vm,209 5
94.2 6 1.1%; n 5 3). These data indicate that Ca21-permeable
AMPA receptors on interneurons (22, 23, 26) play a major role
in iLTDep induction.

Mechanisms Underlying the Maintenance of iLTDep. iLTDep did not
result in a significant change in input resistance (Fig. 3B). Input
resistance measurements (RN), measured using small hyperpo-
larizing pulses at 260 mV, during the prestimulation control
period: 198.7 6 36.5 MV; RN during iLTDep, measured also at
260 mV, at the time point shown in Fig. 3A: 187.3 6 31.5 MV;

Fig. 2. Induction mechanisms of iLTDep. (A) Summary plot of Vm before and
after intracellular current injection of depolarizing current pulses that
strongly discharged the interneurons (n 5 3), mimicking the depolarization
and firing observed during the tetanic stimulation protocol. (B–D) Summary
plots of iLTDep after perforant path stimulation in the presence of the NMDA
receptor antagonist APV (B) (n 5 5), and its block when the AMPA/kainate
receptor antagonist CNQX (C) (n 5 5), or the Ca21-permeable AMPA receptor
antagonist NHPP-SP (D) (n 5 4), was present in the perfusing medium. (E)
Summary plot of the block of iLTDep by intracellular application of EGTA (n 5
3). (F) Summary plot showing that iLTDep was not abolished when interneu-
rons were voltage-clamped at 260 mV during stimulation (n 5 3).
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n 5 6). As illustrated in Fig. 3C, larger current pulses also failed
to detect a significant change in RN in the same cells.

Next, the effect of blockade of NMDA, AMPA/Kainate,
metabotropic glutamate, and GABAA receptors and Na1 chan-
nels on iLTDep was tested. Twenty minutes after the induction
of iLTDep, the perfusing solution was switched to ACSF con-
taining 10 mM APV, 5 mM CNQX, 500 mM MCPG, 10 mM
bicuculline, and 1 mM TTX, for 10 min. These drugs failed to
reverse iLTDep; in fact, they induced a nonsignificant, additional
1.3 6 1.4% depolarization in the Vm,209 measured before the
application of these antagonists (Fig. 3C inset).

In subsequent experiments, the extracellular [K1] was mea-
sured by using K1-sensitive electrodes (25) before, during, and
after tetanic stimulation. However, no sustained increases in
[K1]o could be observed in the granule cell layer (Fig. 3D; n 5
3), and the K1-transients evoked by the tetanic stimulation were
cleared within 30 s (Fig. 3D inset).

The Vm of dentate interneurons is influenced by the activity
of the electrogenic Na1/K1-ATPase (24). The interneuronal
Na1/K1-ATPase activity (the pump current) was measured
using brief (20-s) application of the pump blocker strophanthidin
(30 mM) in interneurons from stimulated and sham-stimulated
control slices. Pump blockade caused a smaller shift in the I–V
curves at all membrane potentials in cells from stimulated slices
(Fig. 3 E and F), indicating a significant reduction in the pump
current density in interneurons expressing iLTDep (Fig. 3G)
(control: 0.91 6 0.12 pA/pF, n 5 5; tetanized: 0.46 6 0.04 pA/pF,
n 5 4). Note that these experiments were performed in the
presence of APV, CNQX, bicuculline, TTX, and the hyperpo-
larization-activated cation channel (h-channel) blocker (100 mM
ZD-7288), and the Vm in interneurons from stimulated slices was
81.4 6 5.1% of Vm in cells from control slices. Because iLTDep
could be observed in the presence of ZD-7288, these data also
indicate that increased h-channel activity cannot underlie
iLTDep. Next, the pump was blocked from the inside in the
recorded interneuron by the inclusion of 200 mM vanadate, a
broad-spectrum blocker of phosphatases known to inhibit the
Na1/K1-ATPase (27), in the pipette-filling solution. iLTDep
could not be observed with intracellular vanadate present (Fig.
3H) (Vm,209 5 100.5 6 1.0%, n 5 4). Inclusion of 4 mM ATP in
the pipette solution also blocked iLTDep (Fig. 3I) (Vm,209 5
98.3 6 1.02%, n 5 3). Taken together, these data are consistent
with a major role for the Na1/K1-ATPase in iLTDep.

Next, in interneurons from tetanized and control slices, the
pump rate was enhanced with intracellular application of pump
substrates (20 mM Na1, 4 mM ATP) and a Ca21-chelator (10
mM EGTA, introduced to prevent the inhibition of the Na1/
K1-ATPase by intracellular Ca21) (28, 29), followed by pump
blockade with prolonged (5-min) application of 100 mM stro-
phanthidin (24, 30, 31). Under these conditions, no difference in
pump current density could be observed in interneurons from
tetanized and sham-stimulated control slices (control: 1.99 6
0.12 pA/pF, n 5 3; tetanized: 2.18 6 0.04 pA/pF, n 5 3; Fig. 3J).
Therefore, the decreased pump function was not caused by a
decrease in the number of functionally available pump molecules
in the membrane.

Enhanced Excitatory Gain in Interneurons as a Result of iLTDep. A
series of ‘‘artificial EPSPs’’ (10-ms current pulses of 20- to
400-pA amplitude, at 1.0 Hz, in current clamp) were injected into
interneurons before and during iLTDep (Fig. 4A). As expected,
iLTDep caused a leftward shift in the input–output curve of
interneurons (Fig. 4B; n 5 3), indicating that previously sub-
threshold depolarizations can evoke action potential discharges
after the induction of iLTDep. Similar results could be obtained
by using ‘‘real’’ EPSPs (evoked by stimulation of the perforant
path, with the stimulating electrode also used to evoke tetanic
stimulation) (Fig. 4 C and D; n 5 4). Control recordings in

Fig. 3. Mechanisms underlying the maintenance of the iLTDep. (A–C)
When current pulses were delivered before and after tetanic stimulation of
the perforant path leading to iLTDep (A; time points of the input resistance
measurements at 260 mV are indicated as ‘‘RN’’), no changes in RN could be
observed either with small (an example is shown in B) or larger current
pulses (C). The plot of iLTDep in A and the traces in B are from the same
interneuron. The summary plot in C is from n 5 6 cells similar to that shown
in A and B. The inset in C shows Vm values of interneurons before tetanus
(filled bar), 20 min after tetanus (blank bar), and an additional 10 min after
switching to ACSF containing APV, CNQX, MCPG, bicuculline, and TTX
(hatched bar). (D) There was no sustained increase in extracellular K1 after
tetanic stimulation of the perforant path (n 5 3 slices). (Inset) Tetanic
stimulation evoked only transient changes in [K1]o. (E–F) I–V curves of
interneurons from sham-stimulated (E) (n 5 4 cells) and stimulated (F) (n 5
5 cells) slices, before (‘‘pre-strophanthidin’’) and in the presence of stro-
phanthidin. The I–V curves were measured in APV, CNQX, bicuculline, TTX,
and ZD-7288, in voltage clamp at zero current potential (note that stro-
phanthidin caused a smaller shift in the I–V curve after tetanus at all
membrane potentials). The Insets show examples of I-V curves from indi-
vidual cells from sham-stimulated and stimulated slices, before and in the
presence of strophanthidin. (G) Decreased pump current in interneurons
from slices that were tetanized, compared with sham treated controls,
from the experiments shown in E–F. (H) Summary plot (n 5 4) showing that
intracellular application of vanadate (a broad-spectrum blocker of phos-
phatases) abolished iLTDep. (I) Inclusion of ATP in the recording pipette
also prevented the development of iLTDep (n 5 3 cells; note that iLTDep
could be evoked with gramicidin perforated patch recordings, as well as
without recording from the interneurons during induction). (J) Pump
current did not change when compounds that enhance pump rate (Na1,
ATP, and EGTA) were included in the pipette (n 5 3 interneurons in both
control and tetanized slices).
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cell-attached patch clamp mode also revealed a significantly
enhanced interneuronal firing after tetanus (Fig. 4D Inset; n 5
3). The enhanced firing after tetanic stimulation was due to
iLTDep, because tetanic stimulation in these interneurons did

not lead to LTP of the evoked EPSPs (Fig. 4 E and F), in
agreement with data indicating that most hippocampal inter-
neurons do not express LTP of their excitatory inputs (19).

Discussion
Interneuron-Specific Forms of Plasticity. The data in this paper show
that dentate interneurons exhibit a form of synaptically induced
long-term alteration that enhances the ability of excitatory
inputs to reach firing threshold. LTP and LTD have mainly been
studied in principal cells, and they are less understood in
interneurons. A series of recent studies (17, 20, 22, 23) have
reported either no change, or LTD in various hippocampal
interneurons after tetanic stimulation. In agreement with studies
on interneurons in Ammon’s horn, dentate interneurons also
failed to express LTP after tetanus (in fact, they showed a
nonsignificant, 4.5% decrease in EPSP amplitude; Fig. 4E).
Based on our data, it is likely that the presence of ATP and/or
EGTA in the intracellular pipette solution used in most previous
investigations precluded the development of iLTDep after tet-
anus. Interestingly, both the unusual form of interneuronal LTD
found by McMahon and Kauer (20) and the iLTDep described
in this study were dependent on the activation of Ca21-
permeable, GluR2 subunit-lacking AMPA receptors expressed
by interneurons (22, 23, 26). Therefore, the expression of
Ca21-permeable AMPA receptors seems to play a central role in
enabling interneurons to display various interneuron-specific
forms of neuronal plasticity that are not exhibited by principal
cells.

The iLTDep could be induced by two stronger tetanic stim-
ulation paradigms (five 10-s trains at 100 Hz and three 1-s trains
at 100 Hz), but not with one 1-s train at 100 Hz (Fig. 1E). These
results suggest that iLTDep is likely to occur especially under
conditions when extracellular glutamate is strongly increased,
e.g., after seizure activity in vivo. Because incubation of the slices
in glutamate was just as effective in inducing iLTDep as pat-
terned tetanic stimulation, it is likely that the induction of this
form of plasticity depends more on the overall activity levels in
incoming excitatory afferents than on the specific temporal
characteristics of inputs. Therefore, iLTDep may be thought of
as a mechanism by which interneurons can adjust the gain of
their excitatory inputs as a function of the level of action
potential discharges in the presynaptic glutamatergic cells.

Role for Ca21-Permeable AMPA Receptors and Intracellular Ca21 Rise.
Our data show that Ca21-permeable AMPA receptor activation
was necessary for the induction of iLTDep. The role of Ca21 in
the induction pathway was indicated by the ability of intracellular
Ca21-chelation to block iLTDep. Possible roles for alternative
(i.e., not related to Ca21-permeable AMPA receptors) pathways
for Ca21 entry were also examined. A major role for voltage-
gated Ca21 channels is unlikely, because depolarization and
firing of interneurons by intracellular current pulses did not
evoke iLTDep, and voltage-clamping the cells near rest did not
fully block iLTDep. It should be noted that voltage-clamping the
cells during induction did appear to cause a decrease in the
development of iLTDep, but the decrease was nonsignificant
(i.e., the Vm209 values of the interneurons in current clamp in Fig.
1A and in voltage clamp in Fig. 2F were not statistically
different). Therefore, it cannot be excluded that voltage-gated
Ca21 channels play a minor role in iLTDep. NMDA receptor
blockade did not abolish iLTDep, indicating that Ca21 entry
through NMDA receptors is not required for the induction of
this plasticity. In summary, these two alternative pathways for
Ca21 entry play either no or only a minor role in iLTDep
induction.

It should also be noted that iLTDep did not occur when
interneurons were recorded in the absence of tetanic stimulation
(Fig. 1B). Furthermore, a shift in Vm after tetanic stimulation

Fig. 4. iLTDep enhances the efficacy of EPSPs to fire the interneuron, even
in the absence of LTP. (A) Voltage responses to a series of brief intracellular
current pulses of increasing amplitude (10 ms; 20 – 400 pA) are shown in an
interneuron before and after tetanic stimulation of the perforant path
(Insets, subthreshold and suprathreshold EPSPs). (B) Summary plot (n 5 3
cells, similar to the one shown in A of injected current versus action
potential discharges before and 20 min after tetanic stimulation. (C)
Evoked EPSPs recorded from an interneuron before and 20 min after
tetanic stimulation, at the respective resting membrane potentials (stim-
ulation intensity used to evoke the EPSPs: 1.5 mA in both cases). (D)
Summary plot (n 5 4 interneurons, from experiments similar to the one in
C) of stimulation intensity to evoke EPSPs versus the proportion of stimuli
that elicited action potential discharges. (Inset) Summary plot of stimula-
tion intensity versus spikes/stimuli data from cell-attached recordings from
interneurons (n 5 3); x- and y-axes are as in D; representative traces are
shown before (Lower) and after (Upper) tetanus; scale in Inset: 5 ms, 5 pA.
(E and F) Tetanic stimulation of the perforant path did not alter the evoked
EPSP (eEPSP) amplitude in interneurons, when measured at 260 mV before
and during iLTDep (the traces in F are from an average of 30 responses).
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was also observed with gramicidin perforated patch clamp
recordings, in which there is minimal disturbance of the intra-
cellular constituents of the recorded cells. These data, together
with results showing that iLTDep could be observed in inter-
neurons that were not even recorded during tetanic stimulation,
indicate that iLTDep is not due to washout of intracellular
constituents during whole-cell patch clamp recordings.

Maintenance of iLTDep. Once iLTDep was induced, antagonists of
ionotropic and metabotropic glutamate receptors, GABAA re-
ceptors, voltage-gated Na1 channels, and h-channels could not
reverse it. Furthermore, there was no sustained extracellular rise
in [K1], which was also indicated by the lack of LTD in granule
cells (however, highly localized [K1]o increases in the extracel-
lular space immediately surrounding the interneurons cannot be
excluded). Interneurons did not appear to change their input
resistance significantly during iLTDep, tested either with small
negative and positive current pulses, or with large negative pulses
spanning over 40 mV. These latter results suggest that iLTDep
is unlikely to be explained by the closure of voltage-dependent
or independent K channels. It has been shown that extracellular
Cs1 (in the presence of the h-channel blocker ZD-7288) has no
effect on the inward current below the reversal potential for
potassium ions (EK) in interneurons in the dentate granule cell
layer, suggesting low levels of expression of the classical anom-
alous K1-dependent inward rectifier in these cells (24). Never-
theless, a small net contribution from K channels to iLTDep
cannot be excluded.

In contrast, the electrogenic Na1/K1-ATPase pump current,
which generates a steady-state hyperpolarizing influence in
dentate interneurons (24), was significantly decreased after
tetanic stimulation. Taken together, the lack of a detectable
change in RN, the decreased pump current measured by using the
Na1/K1-ATPase blocker strophanthidin, the abolishment of
iLTDep by intracellular vanadate, and the block of iLTDep by
intracellular ATP, are all consistent with, and point to, the
Na1/K1-ATPase pump as a major mechanism underlying

iLTDep in interneurons. The present study supports data from
other reports indicating that the Na1/K1-ATPase can be mod-
ulated by glutamate receptor-dependent mechanisms (28–31). It
has been shown that the strophanthidin-sensitive current ampli-
tude is in the same order of magnitude in granule cells and
interneurons (24), indicating that the differential activity-
dependent modulation of the Vm of granule cells and interneu-
rons is unlikely to be related to the baseline pump rate. Mod-
ulation of Na1/K1-ATPase function on the time scale of minutes
and hours is known to occur as a result of intracellular Ca21 rises,
decreased intracellular ATP levels, and phosphorylation,
whereas longer-term modulation involves translocation of the
pump molecules from the membrane to the intracellular com-
partment (24, 28–33). Whether the decreased pump current in
the present study is due to a change in Na1/K1-ATPase subunit
composition (32, 33), altered phosphorylation status (33), or a
sustained drop in intracellular ATP levels (30) will need to be
decided by future experiments. However, our results, which show
that the pump current remains unchanged by tetanic stimulation
after the pump rate is enhanced by the intracellular application
of pump substrates and EGTA, indicate that the number of
pump molecules is not altered by translocation during iLTDep.

Conclusions
In summary, these data provide evidence for a previously
undescribed mechanism by which interneurons can modulate the
efficacy of their excitatory inputs, depending on the levels of
activity in the presynaptic glutamatergic pathway. The results
show that the resting membrane potential can be persistently
modulated in interneurons, allowing the long-term enhancement
of the functional gain of depolarizing inputs to interneurons even
in the absence of conventional LTP of the incoming excitatory
synaptic events.
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